The phorbol ester PMA and cyclic AMP activate different Cl− and HCO3− fluxes in C127 cells expressing CFTR  by Zegarra-Moran, Olga et al.
The phorbol ester PMA and cyclic AMP activate di¡erent Cl3 and
HCO33 £uxes in C127 cells expressing CFTR
Olga Zegarra-Moran a, Anna Maria Porcelli b, Michela Rugolo b;*
a Lab. di Genetica Molecolare, Ist. G. Gaslini, 16148 Genova, Italy
b Dip. di Biologia Ev. Sp., Universita' di Bologna, Via Irnerio 42, 40126 Bologna, Italy
Received 18 August 2000; received in revised form 4 October 2000; accepted 18 October 2000
Abstract
In mouse mammary epithelial C127 cells expressing wild-type cystic fibrosis transmembrane conductance regulator
(CFTR), chloride efflux, measured with the Cl3-sensitive dye 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ), was
stimulated by activation of protein kinase A with cyclic AMP elevating agents forskolin plus 3-isobutyl-1-methyl-xanthine
(IBMX) and, to a less extent, by activation of protein kinase C with the phorbol 12-myristate 13-acetate (PMA). Conversely,
bicarbonate influx, determined by intracellular alkalinization of cells incubated with the pH-sensitive dye 2P,7P-bis-
(2-carboxyethyl)-5(6)-carboxyfluoresceintetraacetoxymethyl ester (BCECF-AM), was stimulated by cyclic AMP elevation,
but not by PMA. Patch clamp analysis revealed that PMA activated a Cl3 current with the typical biophysical characteristics
of swelling-activated current and not of CFTR. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Cystic ¢brosis (CF) is a severe genetic disease
caused by mutations in a single gene encoding the
cystic ¢brosis transmembrane conductance regulator
(CFTR) [1]. The most common mutation of CFTR is
deletion of phenylalanine 508 (F508del). Proteins
with this mutation remain incompletely processed
in the endoplasmic reticulum and are not delivered
at the plasma membrane [2].
CFTR is an epithelial Cl3 channel regulated by
cAMP-dependent protein kinase A (PKA) [3,4].
There is clear evidence that PKA phosphorylates sev-
eral serines of the R domain of CFTR [5,6]. Di¡erent
serines of this domain are also phosphorylated by
cyclic GMP-dependent protein kinase, by Ca2-cal-
modulin protein kinase I and by protein kinase C
(PKC) [7]. The role of PKC in regulating the
CFTR channel is less clear. Both Ca2-independent
and -dependent isoforms of PKC have been reported
to phosphorylate and activate CFTR [8].
In a model system represented by C127 mouse
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mammary epithelial cell lines stably transfected
with wild-type (wt) CFTR, with mutated (F508del)
CFTR and in the parental cell line [9], short-term
incubation with the PKC activator phorbol 12-myr-
istate 13-acetate (PMA) caused an increase of Cl3
e¥ux in cells expressing wild-type CFTR, but not
in cells expressing F508del mutation or in parental
cells lacking CFTR expression, suggesting that PKC
activated directly CFTR-mediated Cl3 transport
[10].
Electrophysiological studies in C127wt and other
cell lines have revealed that CFTR is permeable to




ity ratio of 1:4 [11,12]. This ¢nding suggests that
HCO33 transport through CFTR might contribute
to regulation of intracellular pH (pHi). Recently,
we have reported that in all C127 cell lines, basal
HCO33 in£ux and e¥ux were strongly reduced by
the inhibitor of the anion exchanger H2DIDS, where-
as only in C127 cells expressing wtCFTR, cAMP
elevating agents signi¢cantly stimulated HCO33
£uxes, which resulted poorly sensitive to H2DIDS
[13]. From these results we proposed that, at least
in the presence of cAMP elevation, HCO33 transport
was mainly mediated by CFTR, whereas the contri-
bution of the anion exchanger was negligible [13].
The aim of the present study was to determine
whether the activation of PKA and PKC was able
to stimulate Cl3 and HCO33 £uxes in C127wt cells
and whether these processes were mediated by
CFTR. We report that PKA activation, induced by
addition of cAMP elevating agents, stimulates both
Cl3 and HCO33 £uxes. In contrast, the PKC activa-
tor PMA failed to stimulate HCO33 in£ux, whereas
activated Cl3 currents showed the typical kinetic be-
havior of swelling-activated Cl3 channels [14] and
not of CFTR.
2. Materials and methods
2.1. Materials
BCECF-AM, SPQ and H2DIDS were purchased
from Molecular Probes (Eugene, OR, USA), forsko-
lin, IBMX, CPT-cAMP, PMA, nigericin and gliben-
clamide were from Sigma (St. Louis, MO, USA).
2.2. Cell cultures
Mouse mammary epithelial C127 cells expressing
wild-type CFTR (C127wt) or mutated CFTR
(C127vF508) [9], were grown in Dulbecco’s modi¢ed
Eagle’s medium (DMEM) containing 10% fetal bo-
vine serum (FCS), 200 Wg/ml geneticin and non-es-
sential amino acids. The parental cell line (C127i)
was grown in the absence of geneticin.
2.3. SPQ £uorescence
Cl3 e¥ux was determined by following the £uo-
rescence changes of cells loaded with the Cl3-sensi-
tive dye 6-methoxy-N-(3-sulfopropyl)quinolinium
(SPQ) [15]. SPQ-loaded cells were incubated in
Cl3-free medium containing 135 mM Na-gluconate,
2 mM KH2PO4, 1 mM MgSO4, 10 mM D-glucose,
10 mM Na-HEPES, 1 mM Ca-gluconate (pH 7.4),
and £uorescence was determined in the cuvette com-
partment (37‡C) of a Jasko spectro£uorimeter (To-
kyo, Japan), with excitation and emission wave-
lengths of 320 nm and 445 nm, respectively. The
£uorescence values were normalized by considering
as 0 the £uorescence value at time = 0, and 100% the
£uorescence signal obtained after addition of 0.1%
Triton X-100 to cell suspension; the rates of increase
of SPQ £uorescence were expressed as vF% min31.
2.4. Electrophysiology
For patch clamp experiments cells were seeded at a
density of 2.5U104 cells/dish and used in the ¢rst to
fourth day after plating. Cells had a capacitance of
18.9 þ 1.2 pF, n = 21. Macroscopic currents were re-
corded in the whole cell con¢guration of the patch
clamp technique. Borosilicate glass pipettes were
pulled and ¢re polished to obtain resistances between
3^5 M6. Currents were measured with a standard
patch clamp ampli¢er (EPC-7, List, Darmstadt, Ger-
many). Stimulation and data acquisition were carried
out with a 16-bit AD/DA converter (ITC-16 Instruc-
tech, New York, USA), controlled by a personal
computer. Currents were low-pass ¢ltered with a
4-pole Bessel ¢lter set at a cuto¡ frequency of
1 kHz and sampled at 2 kHz. All experiments were
done at room temperature (21^23‡C).
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2.5. Cytosolic pH measurements
HCO33 in£ux was determined by following the pHi
increase in cells loaded with 2P,7P-bis(2-carboxyeth-
yl)-5(6)carboxy£uoresceintetraacetoxymethyl ester
(BCECF-AM), as previously described in [13], with
minor modi¢cations. Brie£y, trypsinized cells
(4U106/ml) were incubated for 30 min in a saline
solution containing 135 mM NaCl, 3 mM KCl,
2 mM KH2PO4, 1 mM MgSO4, 10 mM glucose,
1 mM CaCl2, 10 mM Na-HEPES and 4WM
BCECF-AM (pH 7.4) at 37‡C, washed and main-
tained in the dark until use. BCECF £uorescence
measurements (excitation and emission wavelengths
of 505 nm and 530 nm, respectively) were carried out
with a Jasko spectro£uorimeter (Tokyo, Japan) at
37‡C under magnetic stirring. HCO33 in£ux was eval-
uated by determining intracellular alkalinization ob-
tained after incubation of cells (3U105) with a Cl3-
free HCO33 -bu¡ered Na-gluconate solution, in an
atmosphere of 95% air/5% CO2 mixture, as described
in [16]. Before use, saline solutions containing
NaHCO3 were bubbled with the 95% O2/5% CO2
mixture for several minutes and their pH, determined
before and after £uorescence recordings, was 7.4.
Calibration of BCECF £uorescence against pHi
was obtained by incubating the cells in a high-K
saline solution containing 145 mM KCl, 2 mM
KH2PO4, 1 mM MgSO4, 10 mM glucose, 1 mM
CaCl2, 10 mM Na-HEPES (pH 6.2) and 2 WM niger-
icin. Fluorescence was linear with pHi over the range
between pH 6.2 and 8.0; the coe⁄cient of linear
regression ranged between 0.95^0.99 in all the ex-
periments. The rate of HCO33 in£ux was measured
by linear regression of traces within the ¢rst min-
ute.
2.6. Solutions
HCO33 -bu¡ered NaCl solution contained 115 mM
NaCl, 3 mM KCl, 2 mM KH2PO4, 1 mM MgSO4,
10 mM glucose, 1 mM CaCl2 and 25 mM NaHCO3
(pH 7.4). In Cl3-free HCO33 -bu¡ered Na-gluconate
solution, NaCl and CaCl2 were replaced with equal
concentrations of Na-gluconate and Ca-gluconate. In
the patch clamp experiments, the pipette solution
contained 120 mM CsCl, 10 mM TEACl, 0.5 mM
EGTA, 10 mM HEPES, 1 mM MgCl2, and 1 mM
ATP, pH 7.3 (276 mosm/kg). The standard extracel-
lular solution contained: 130 mM NaCl, 2 mM
CaCl2, 2 mM MgCl2, 10 mM HEPES, 10 mM D-
glucose, 30 mM mannitol, pH 7.3 (298 mosm/kg).
Solutions were changed by a gravity-based perfusion
system.
2.7. Statistical evaluation
All values are expressed as mean þ S.E.M., with
the number of experiments in brackets; P is the level
of signi¢cance on a Student’s t-test.
3. Results and discussion
Fig. 1 shows representative experiments of Cl3
e¥ux from C127wt cells loaded with the halide-sen-
sitive dye SPQ. The rate of Cl3 e¥ux was strongly
stimulated by addition of the cAMP elevating agents
forskolin plus 3-isobutyl-1-methyl-xanthine (IBMX),
whereas addition of the protein kinase C activator,
the phorbol ester PMA, caused a weak, but signi¢-
cant stimulation, in agreement with previously re-
ported data [10]. Table 1 summarizes the results
Table 1
Rate of Cl3 e¥ux from SPQ-loaded C127wt cells : e¡ect of cAMP, PMA and H2DIDS
Additions vF% min31
Control +cAMP +PMA +cAMP+PMA
^ 3.1 þ 0.6 (5) 37.0 þ 2.0 (5)** 9.0 þ 0.8 (4)* 45.1 þ 1.7 (3)**
0.2 mM H2DIDS 2.7 þ 0.8 (3) 35.3 þ 1.8 (4)** 7.9 þ 0.9 (3)* 39.2 þ 2.7 (3)**
SPQ-loaded cells were incubated in Na-gluconate solution. When present, H2DIDS was added to the saline solution since the begin-
ning. Where indicated, 10 WM forskolin and 0.1 mM IBMX (+cAMP) and 200 nM PMA were added. The rate of increase of SPQ
£uorescence was determined after 1 min. * and ** signi¢cantly di¡erent (P6 0.05 and P6 0.01, respectively) from the control value
reported in the same line.
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under each experimental condition. Addition of
0.2 mM H2DIDS caused only a negligible inhibition.
The e¡ect of glibenclamide could not be evaluated,
since this compound interfered with the SPQ £uores-
cence. The ¢nding that simultaneous addition of
PMA plus forskolin/IBMX caused an additive e¡ect
(Fig. 1 and Table 1) suggests that two distinct path-
ways of Cl3 e¥ux might be involved.
Fig. 2 shows the whole cell Cl3 currents in C127wt
cells under control conditions (A) and after the ad-
dition to the extracellular solution of the membrane
permeable cAMP analogue CPT-cAMP, at the con-
centration 200 WM (B). This treatment caused a con-
ductance increase of 473 þ 83 pS/pF (n = 13). The ki-
netics of cAMP-activated currents was time- and
voltage-independent, suggesting that the channel re-
sponsible is CFTR. Currents were partially blocked
by 0.1 mM glibenclamide and completely blocked by
0.5 mM glibenclamide (C), but almost una¡ected by
0.2 mM H2DIDS (D) or by 0.3 mM DIDS (not
shown). As expected, application of CPT-cAMP to
the parental cell line C127i, was unable to trigger a
current increase (not shown).
Electrophysiological studies have previously shown
that CFTR is permeable to HCO33 as well as Cl
3
ions [11,12]. HCO33 in£ux was determined by follow-
ing the increase of pHi in cells incubated in Cl3-free
HCO33 -bu¡ered Na-gluconate solution. Table 2
shows that the basal rate of HCO33 in£ux in C127i
cells was signi¢cantly inhibited by addition of
H2DIDS or glibenclamide alone (60 and 55%, respec-
Fig. 1. E¡ect of cAMP elevation and PMA on Cl3 e¥ux from
C127wt cells. SPQ-loaded cells were incubated in Cl3-free saline
solution containing Na-gluconate. At the arrow: 10 WM forsko-
lin plus 0.1 mM IBMX (I+F) and/or 200 nM PMA were
added. Representative recordings from a single experiment (one
of four) are shown.
Table 2
Rate of HCO33 in£ux in C127i cells under resting condition




^ 0.20 þ 0.02 (6) 0.20 þ 0.02 (6)
0.2 mM H2DIDS 0.08 þ 0.01 (3)*A 0.06 þ 0.01 (5)*B
0.5 mM Gliben. 0.09 þ 0.01 (6)* 0.10 þ 0.01 (5)*
H2DIDS+Gliben. 0.05 þ 0.01 (3)*A 0.06 þ 0.01 (3)*B
BCECF-loaded cells were incubated in HCO33 -bu¡ered Cl
3-free
saline solution containing Na-gluconate in the absence or pres-
ence of the indicated inhibitors. Elevation of cAMP was ob-
tained by addition of 10 WM forskolin and 0.1 mM IBMX.
* signi¢cantly di¡erent (P6 0.05) from the control value of the
same column; A and B not signi¢cantly di¡erent.
Table 3
Rate of HCO33 in£ux in C127wt and C127vF508 cell lines under resting condition and after stimulation by cAMP elevating agents
Additions vpH min31
C127wt C127vF508
^ +cAMP ^ +cAMP
None 0.13 þ 0.03 (7) 0.40 þ 0.06 (4) 0.13 þ 0.01 (3) 0.20 þ 0.01 (5)
0.2 mM H2DIDS 0.07 þ 0.02 (5)*A 0.29 þ 0.03 (5)B 0.06 þ 0.02 (3)* 0.09 þ 0.01 (3)*
0.5 mM Gliben. 0.07 þ 0.02 (5)* 0.22 þ 0.02 (4)* 0.07 þ 0.02 (3)* 0.11 þ 0.01 (3)*
H2DIDS+Gliben. 0.03 þ 0.02 (4)*A 0.14 þ 0.01 (5)*B 0.03 þ 0.01 (3)* 0.08 þ 0.01 (3)*
BCECF-loaded cells were incubated in HCO33 -bu¡ered Cl
3-free saline solution containing Na-gluconate in the absence or presence of
the indicated inhibitors. Elevation of cAMP was obtained by addition of 10 WM forskolin and 0.1 mM IBMX. In each column, * sig-
ni¢cantly di¡erent (P6 0.05) from the control value (none). A not signi¢cantly di¡erent; B signi¢cantly di¡erent (P6 0.01). In C127wt
cells, the values with cAMP were signi¢cantly di¡erent (P6 0.05) from those without cAMP in all the experimental conditions.
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tively), and that simultaneous addition of both the
inhibitors gave a stronger e¡ect, although not statis-
tically di¡erent from H2DIDS alone. These results
suggest that, under basal conditions, HCO33 in£ux
across the plasma membrane of C127i cells is medi-
ated by both the Cl3/HCO33 exchanger and, to a less
extent, by glibenclamide-sensitive and -insensitive
conductive pathways, di¡erent from CFTR. These
rates of HCO33 in£ux were not signi¢cantly modi¢ed
by addition of cAMP elevating agents in C127i cells
(Table 2) and the blockers pro¢le con¢rmed the lack
of additive e¡ect of H2DIDS and glibenclamide.
Conversely, in C127wt cells, the presence of forskolin
plus IBMX, 3-fold increased the rate of HCO33 in-
£ux, being poorly inhibited (27%) by H2DIDS and
more signi¢cantly (45%) by glibenclamide alone. Ad-
dition of both the compounds gave an additive,
although incomplete inhibition (65%, Table 3). In-
deed, the di¡erence of inhibitory e¡ect of glibencla-
mide, the stronger inhibitor, versus H2DIDS plus
glibenclamide was statistically signi¢cant (P6 0.01).
The results obtained in C127vF508 cells, also re-
ported in Table 3, show that forskolin plus IBMX
caused a weak (1.5-fold) stimulation also in
C127vF508 cells. Since it was previously shown
that H2DIDS failed to inhibit anion transport
through CFTR [17], these data suggest that cAMP-
activated HCO33 in£ux in C127wt cells is likely to be
only marginally mediated by the anion exchanger.
Surely, most of H2DIDS-dependent inhibition is
probably an e¡ect on the basal activity of the anion
exchanger, as shown in C127i cells. These results are
in agreement with previous data reporting a Na-
independent, forskolin-dependent pHi recovery
from an acidic pulse in C127 cells expressing
wtCFTR, but not in C127vF508 or C127i cells
[11]. Furthermore, the ¢nding that glibenclamide
and H2DIDS only partially inhibited forskolin-
stimulated HCO33 in£ux is in agreement with data
previously reported in NIH 3T3 cells transfected
with CFTR by Lee et al. [18].
In a previous report in C127wt cells, we showed
that H2DIDS was unable to reduce cAMP-activated
HCO33 in£ux and e¥ux, leading us to suggest that in
the presence of the anion exchanger inhibitor, HCO33
was likely to be forced to £ow through CFTR [13].
The ¢nding shown in the present study that gliben-
6
Fig. 2. Cl3 currents activated by elevating intracellular cAMP
in C127wt cells. Whole cell currents in control conditions (A)
and after the addition of 200 WM CPT-cAMP to the extracellu-
lar solution (B). Currents were recorded in response to voltage
pulses between 3100 and 100 mV with 40 mV steps from a
holding potential of 360 mV. Current to voltage relationships
from two representative experiments showing the e¡ect of
0.5 mM glibenclamide (C), and of 0.2 mM H2DIDS (D) on
CPT-cAMP-activated currents.
BBADIS 62002 19-1-01
O. Zegarra-Moran et al. / Biochimica et Biophysica Acta 1535 (2001) 120^127124
clamide, at a concentration which completely blocks
Cl3 currents, was only partially e¡ective (45%) in
reducing HCO33 in£ux, can be explained in two
ways, namely: (i) in cAMP-stimulated C127wt cells,
CFTR is not the only mechanism mediating intra-
cellular alkalinization, (ii) our experimental condi-
tions are such as that CFTR and glibenclamide are
not in the optimal physicochemical conformation for
full inhibition to occur [19,20].
Table 4 shows that addition of PMA failed to sig-
ni¢cantly stimulate HCO33 in£ux in C127wt cells,
both in the absence and presence of inhibitors,
although Cl3 e¥ux, determined by SPQ £uorescence
Table 4
Rate of HCO33 in£ux in C127wt cells under resting condition




None 0.13 þ 0.03 (3) 0.13 þ 0.01 (4)
0.2 mM H2DIDS 0.07 þ 0.01 (3)* 0.06 þ 0.02 (3)*
0.5 mM Gliben. 0.07 þ 0.01 (4)* 0.06 þ 0.02 (4)*
H2DIDS+Gliben. 0.03 þ 0.01 (3)* 0.03 þ 0.01 (3)*
Experimental conditions as in Table 2. Where indicated, 200 nM
PMA was added. In each column, * signi¢cantly di¡erent
(P6 0.05) from the control value (none).
Fig. 3. Cl3 currents activated by PMA in C127wt cells. Whole cell currents in control conditions (A and E), in the presence of
200 nM PMA (B and F) and after the addition of 0.5 mM glibenclamide (C) or of 30 mM mannitol to the extracellular solution (G).
Current to voltage relationships (D and H) summarize these results. Current was measured 6 ms after the beginning of the test pulse.
BBADIS 62002 19-1-01
O. Zegarra-Moran et al. / Biochimica et Biophysica Acta 1535 (2001) 120^127 125
and illustrated in Fig. 1, was indeed increased. Sim-
ilar results were obtained in the other cell lines (not
shown). The e¡ect of PMA was then analyzed on
Cl3 currents. Addition of PMA to the extracellular
solution induced a conductance increase of 915 þ 212
pS/pF (n = 8) measured at positive membrane poten-
tial. However, the kinetics and voltage-dependent
characteristics were very di¡erent from those of
CFTR Cl3 currents. Indeed, whole cell currents in-
activated at very positive membrane potentials (Fig.
3B) and the current to voltage relationship was out-
wardly rectifying (Fig. 3D and H). PMA-activated
currents were completely blocked by glibenclamide
(Fig. 3C and D). Surprisingly, when the extracellular
solution was made hypertonic by the addition of
30 mM mannitol, these currents were strongly inhib-
ited (Fig. 3G and H). Moreover, addition of PMA to
the extracellular solution of C127i cells, where CPT-
cAMP was ine¡ective (not shown), elicited a conduc-
tance increase of 1573 þ 494 pS/pF (n = 4, Fig. 4)
with similar kinetics and sensitivity to mannitol as
that found in C127wt cells. Conductance elicited by
PMA on these cells was not statistically di¡erent
from those recorded on cells transfected with
wtCFTR. This ¢nding con¢rms that PMA-activated
currents are independent from CFTR expression.
The voltage-dependence of PMA-activated currents,
together with their sensitivity to hypertonic solutions,
suggests that the channel responsible for these cur-
rents is the swelling-activated Cl3 channel. There-
fore, in contrast to previously reported data, in
which, however, no electrophysiological analysis of
Cl3 currents was performed [10], our results clearly
indicate that PMA-activated Cl3 currents in C127wt
cells were not mediated by CFTR. It is noteworthy
that Verdon et al. reported that volume-sensitive Cl3
currents, developed by incubating rat pancreatic duct
cells in hypertonic pipette solution, were blocked by
addition of staurosporine and calphostin C, two
well-known inhibitors of PKC [21]. Accordingly, it
has been proposed that cell swelling caused Ca2
entry, which activated PKC, which in turn either
phosphorylated the Cl3 channel or a regulatory pro-
tein leading to channel activation [21]. Furthermore,
in canine atrial cells it has been reported that PKC
activation by another phorbol ester (phorbol 12, 13
dibutyrrate) stimulated swelling-induced Cl3 cur-
rents, which were inhibited by the PKC inhibitor
bisindolylmaleimide or by down-regulation of PKC
by prolonged PMA treatment [22].
In conclusion, in C127wt cells under resting con-
ditions, the HCO33 £ux is likely to be mediated by
the Cl3/HCO33 exchanger and by other pathways,
di¡erent from CFTR. PKA activation stimulates
both Cl3 and HCO33 £uxes, being the former medi-
ated by CFTR, whereas the latter is likely to involve
also a di¡erent pathway. This result con¢rms that
CFTR is a key element for HCO33 secretion in the
Fig. 4. Cl3 currents activated by PMA in C127i cells. Whole
cell currents recorded in C127i cells in control conditions (A),
in the presence of 200 nM PMA (B) and after addition of
30 mM mannitol to the external solution (C). Current to volt-
age relationship (D) summarizing these results.
BBADIS 62002 19-1-01
O. Zegarra-Moran et al. / Biochimica et Biophysica Acta 1535 (2001) 120^127126
apical membrane of epithelia, not only as a source of
Cl3 in the apical £uid, but also promoting HCO33
£ux through other transport systems.
Acknowledgements
We thank the Genzyme Corporation, Framing-
ham, MA, USA, for the gift of the cell lines. This
work was partially supported by a grant from Pro-
getto Interdipartimentale ‘Sonde Fluorescenti’, Uni-
versity of Bologna. The ¢nancial support of MiniSan
98.512.01F is gratefully acknowledged.
References
[1] J.R. Riordan, J.M. Rommens, B. Kerem, N. Alon, R. Roz-
mahel, Z. Grzelczak, J. Zielenski, S. Lok, N. Plavsic, J.-L.
Chou, M.L. Drumm, M.C. Iannuzzi, F.S. Collins, L.-C.
Tsui, Identi¢cation of the cystic ¢brosis gene: Cloning and
characterization of complementary DNA, Science 245 (1989)
1066^1073.
[2] M.J. Welsh, A.E. Smith, Molecular mechanisms of CFTR
chloride channel dysfunction in cystic ¢brosis, Cell 73 (1993)
1251^1254.
[3] M.P. Anderson, D.P. Rich, R.J. Gregory, A.E. Smith, M.J.
Welsh, Generation of cAMP-activated chloride currents by
expression of CFTR, Science 251 (1991) 679^682.
[4] J.A. Tabcharani, X.-B. Chang, J.R. Riordan, J.W. Hanra-
han, Phosphorylation-regulated Cl3 channel in CHO cells
stably expressing the cystic ¢brosis gene, Nature 352 (1991)
628^631.
[5] S.H. Cheng, D.P. Rich, J. Marshall, R.J. Gregory, M.J.
Welsh, A.E. Smith, Phosphorylation of the R domain by
cAMP-dependent protein kinase regulates the CFTR chlo-
ride channel, Cell 66 (1991) 1027^1036.
[6] F.S. Siebert, J.A. Tabcharani, X.B. Chang, A.M. Dulhanty,
C. Mathews, J.W. Hanrahan, J.R. Riordal, cAMP-depen-
dent protein kinase-mediated phosphorylation of cystic ¢-
brosis transmembrane conductance regulator residue Ser-
753 and its role in channel activation, J. Biol. Chem. 270
(1995) 2158^2163.
[7] M.R. Picciotto, J.R. Cohn, G. Bertuzzi, P. Greengard, A.C.
Nairn, Phosphorylation of the cystic ¢brosis transmembrane
conductance regulator, J. Biol. Chem. 267 (1992) 12742^
12752.
[8] H.A. Berger, S.M. Travis, M.J. Welsh, Regulation of the
cystic ¢brosis transmembrane conductance regulator Cl3
channel by speci¢c protein kinases and protein phosphatases,
J. Biol. Chem. 268 (1993) 2037^20047.
[9] G.M. Denning, M.P. Anderson, J.F. Amara, J. Marshall,
A.E. Smith, M.J. Welsh, Processing of mutant cystic ¢brosis
transmembrane conductance regulator is temperature-sensi-
tive, Nature 358 (1992) 761^764.
[10] M.C. De Checchi, A. Tamanini, G. Berton, G. Cabrini,
Protein kinase C activates chloride conductance in C127 cells
stably expressing the cystic ¢brosis gene, J. Biol. Chem. 268
(1993) 11321^11325.
[11] J.H. Poulsen, H. Fischer, B. Illek, T.E. Machen, Bicarbonate
conductance and pH regulatory capability of cystic ¢brosis
transmembrane conductance regulator, Proc. Natl. Acad.
Sci. USA 91 (1994) 5340^5344.
[12] J.J. Smith, M.J. Welsh, cAMP stimulates bicarbonate secre-
tion across normal, but not cystic ¢brosis airway epithelia,
J. Clin. Invest. 89 (1992) 1148^1153.
[13] T. Mastrocola, A.M. Porcelli, M. Rugolo, Role of CFTR
and anion exchanger in bicarbonate £uxes in C127 cell lines,
FEBS Lett. 440 (1999) 268^272.
[14] O. Zegarra-Moran, L.J.V. Galietta, Biophysical characteris-
tics of swelling-activated Cl3 channels in human tracheal
9HTEo-cells, J. Membr. Biol. 165 (1998) 255^264.
[15] A.S. Verkman, Development and biological applications of
chloride-sensitive £uorescent indicators, Am. J. Physiol. 259
(1990) C375^C388.
[16] S. Muallem, P.A. Loessberg, Intracellular pH-regulatory
mechanisms in pancreatic acinar cells. Characterization of
H and HCO33 transporters, J. Biol. Chem. 265 (1990)
12806^12812.
[17] C. Hawk, M.E. Krouse, Y. Xia, D.C. Gruenert, J.J. Wine,
CFTR channels in immortalized human airway cells, Am. J.
Physiol. 263 (1992) L692^L707.
[18] M.G. Lee, W.C. Wigley, W. Zeng, L.E. Noel, C.R. Marino,
P.J. Thomas, S. Muallem, Regulation of Cl3/HCO33 ex-
changer by cystic ¢brosis transmembrane conductance regu-
lator expressed in NHI 3T3 and HEK 293 cells, J. Biol.
Chem. 274 (1999) 3414^3421.
[19] D.N. Sheppard, K.A. Robinson, Mechanism of glibencla-
mide inhibition of cystic ¢brosis transmembrane conduc-
tance regulator Cl3 channels expressed in a murine cell
line, J. Physiol. (Lond.) 503 (1997) 333^346.
[20] B.D. Schultz, A.K. Singh, D.C. Devor, R.J. Bridges, Phar-
macology of CFTR chloride channel activity, Physiol. Rev.
79 (1999) S109^S144.
[21] B. Verdon, J.P. Winnpenny, K.J. Whit¢eld, B.E. Argent,
M.A. Gray, Volume-activated chloride currents in pancreatic
duct cells, J. Membr. Biol. 147 (1995) 173^183.
[22] X-Y. Du, S. Sorota, Protein kinase C stimulates swelling-
induced chloride current in canine atrial cells, P£u«gers
Arch. 437 (1999) 227^234.
BBADIS 62002 19-1-01
O. Zegarra-Moran et al. / Biochimica et Biophysica Acta 1535 (2001) 120^127 127
